Surface modification is a good way to improve the surface activity and interfacial strength of multiwalled carbon nanotubes (MWCNTs) when used as fillers in the polymer composites. Among the reported methods for nanotube modification, mixed acid oxidation and plasma treatment is often used by introducing polar groups to the sidewall of MWCNT successfully. The purpose of this study is to evaluate the effect of different surface modification of MWCNT on the mechanical property and electrical conductivity of Fluoro-elastomer (FE)/MWCNT nanocomposites. MWCNTs were surface modified by mixed oxidation and CF 4 plasma treatment and then used to reinforce the fluoro elastomer (FE, a copolymer of trifluorochloroethylene and polyvinylidene fluoride). FE/MWCNT composite films were prepared from mixture solutions of ethylacetate and butylacetate, using untreated CNTs (UCNTs), acid-modified CNTs (ACNTs), and CF 4 plasma-modified CNT (FCNTs). In each case, MWCNT content was 0.01 wt%, 0.05 wt%, 0.1 wt%, and 0.2 wt% with respect to the polymer. Morphology and mechanical properties were characterized by using scanning electron microscopy (SEM), Raman spectroscopy, as well as dynamic mechanical tests. The SEM results indicated that dispersion of ACNTs and especially FCNTs in FE was better than that of UCNTs. DMA indicated mechanical properties of FCNT composites were improved over ACNT and UCNT filled FE. The resulting electrical properties of the composites ranged from dielectric behavior to bulk conductivities of 10 −2 Sm −1 and were found to depend strongly on the surface modification methods of MWCNTs.
Introduction
CNT/polymer nanocomposites hold the promise of delivering exceptional mechanical properties and multifunctional characteristics [1, 2] , however, the scope of CNT applications in practical devices has been largely hampered by their poor dispersibility in polymer resin and weak interfacial bonding with polymer matrix. Ineffective interfacial bonding and sliding of individual nanotubes within the ropes inhibit load transfer from the matrix to the fillers in the composite, making the amount of mechanical reinforcement unachievable in polymer composites [3] [4] [5] [6] . Therefore, surface modification of carbon nanotubes is a useful approach to improve their surface activity and processibility. Moreover, modification introduces suitable covalent bonds on the sidewalls of CNTs, by which the chemical bondings in the interface between the CNT and the polymer matrix can be obtained [7] [8] [9] .
Reported methods for nanotubes modification include chemical and physical treatments [10] [11] [12] [13] [14] . Among these methods, mixed acid oxidation and the RF-plasma treatment is often used because both of them can successfully graft polar groups on CNTs [15] [16] [17] [18] [19] [20] . For mixed acid oxidation, hydroxyl and carbonyl groups are reported to be grafted on the sidewalls of CNTs. On the other hand, many scientists have reported that the surface of CNTs film can be fluorinated after exposure to CF 4 plasma. The relative amount of functional groups could be controlled by parameter adjustment during CF 4 plasma treatment. Besides semi-ionic/covalent bonding on the surface [21] , polymerization of a fluoropolymer around the CNT surface could be also obtained, depending on the reaction conditions. Our previous work [22, 23] has provided a new way for the homogeneous fluorination of MWCNT powder by using homemade plasma equipment.
As we all know, fluoro-elastomer is quite difficult to be reinforced due to its bad compatibility with the filler and high spatial shielding effect. The fluoro-elastomer we used in the research is a copolymer of trifluorochloroethylene and polyvinylidene fluoride with the volume ratio 1 : 1, which is one of the important materials employed in the aerospace and automotive industries. However, its application is limited by the relatively lower strength. In order to achieve optimal enhancement in the mechanical properties of FE/CNTs nanocomposites, two key issues should be considered: homogeneous dispersion of CNTs in the fluoro-elastomer and strong interfacial bonding between CNT and FE matrix [24] . In order to accomplish these two tasks, surface modification of CNTs is an effective way. But how to select suitable surface modification method is still a challenge for polymer scientists. In this paper, we report on our attempts to understand the relationship between the surface modification of carbon nanotubes and the resulting mechanical property and the electrical conductivity of the nanocomposites. FE/CNTs nanocomposites were fabricated by wet-casting with different kinds of carbon nanotubes including untreated, acid treated, and CF 4 plasma treated. It is shown that fluorinated carbon nanotubes can affect the dispersion in FE rubber and also lead to enhancement behavior on mechanical properties of FE/CNTs composites. In addition, the specific bulk conductivity of the materials was analyzed by DC impedance spectroscopy, and the results showed that the final electrical network depended on the surface modification of CNTs and its weight volume in the matrix. CNTs treated by mixed acid can improve the electrical conductivity of FE/ACNTs with lower percolation threshold. The FE/CNTs composites with improved strength and electrical conductivity are expected to be applied in the fields of automotive and aerospace industry.
Experiment

Samples and Its Modification
2.1.1. Samples. MWCNTs prepared by chemical vapor deposition (CVD) were purchased from the Organic Chemical Limited Company, Chengdu, China. The lengths were about 50 μm, and the outer diameters ranged from 60 to 80 nm. Fluoro-elastomer is the copolymer of trifluorocholorethylene and polyvinylidene fluoride with the malor ratio 1 : 1, which was purchased from the Chenguang Company, Zigong, China.
Mixed Acid Treatment.
A raw-MWCNTs sample (4.0 g) was mixed with the concentrated H 2 SO 4 (98%) and HNO 3 (65%) mixed solution (3 : 1 by volume) for 24 h at room temperature with stirring. Finally, the solution was filtered through a cellulose nitrate filter (pore size ∼0.2 mm) and dried at 60
• C in a vacuum oven for 24 h. The as-prepared MWCNTs (2.5∼3.0 g) with a yield of approximately 60∼70% were obtained.
Plasma Treatment.
Before being modified by CF 4 plasma, the as-received MWCNT was cleaned by a classical wet method using nitric acid in order to remove the metal catalysts. The inductive coupled plasma was generated in the radio frequency plasma modification equipment (RF-600, Southwest Academy of Nuclear Physics) with a rotating barrel fixed between the two discharge electrodes. A controlled flow of CF 4 gas was introduced into the chamber. The reflective frequency was 13.56 MHz. The diameter of radio-frequency plate electrode was approximately 350 mm, and the spacing of the electrode and samples was 150 mm. The CF 4 plasma treatment conditions for MWCNT powder were as follows: gas flow rate of 80 sccm, operating pressure of 10 Pa, a bias of 200 V, power of 300 W, process duration of 10 minutes, and the average temperature of samples at about 100
• C during the CF 4 plasma treatment. Details were presented in the previous papers [22, 23] . The untreated, acid-treated, and plasma-treated carbon nanotubes were abbreviated as CNTs, ACNTs, and FCNTs. And the scheme of modification and mixing in FE is shown in Figure 1 .
Preparation of the FE/CNT Composites.
The fabrication of FE/MWCNTs composites is based on a convenient solution process. In brief, FE was first dissolved in the mixture of ethyl acetate and butyl acetate for 2 days till the uniform solution formed. The exact amount of MWCNTs was dissolved in ethyl acetate with continuous ultrasonication for 30 minutes. Then the FE solution was added to the MWCNT solution to obtain a MWCNT-to-polymer weight ratio of 0.05-0.2 wt.% while stirring continually. The solution was then sonicated for 5 min using a high-power sonic tip (200 W) followed by a mild sonication for 2 h in a sonic bath. After careful mixing of FE solution with carbon nanotubes followed by subsequently casting and controlled solvent evaporation, freestanding FE/MWCNTs composite films were obtained by peeling off from Teflon disks. For the control sample, pure FE films were obtained under the same fabrication processing.
Characterization
X-Ray Photoelectron Spectroscopy (XPS).
In order to determine the surface chemical changes during the treatments, XPS measurements were used with a hemispherical electron energy analyzer (ESCALAB250, England). A monochromatized Al Kα line (hv = 1486.6 eV) was used as the photon source, and the photoelectrons were collected at an angle of 55
• relative to the sample surface normal. The energy resolution of system was 0.9 eV. In the spectrum analysis, the background signal was subtracted by Shirley's method. The samples were prepared by attaching carbon nanotube powders to a scotch conductive tape in a form of thin film, in order to avoid dispersion during the pumping. The software Avantage 2.52 was used for peak fitting and quantitative anal ysis.
Zeta-Potential Measurement. Zeta-potential of different kinds of CNTs was measured by Malvem nanoparticles
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Step 2 analyzer. CNTs were dispersed in distilled water at the same percent (0.1%) and vibrated for 10 minutes.
Scanning Electron Microscopy (SEM).
Samples were fractured in liquid nitrogen, and the fracture surface was observed under an acceleration voltage of 20 kV with a JEOL JSM-5900LV for SEM experiment.
Micro-Raman Spectroscopy.
Micro-Raman spectra were recorded on a Renishaw system 2000 micro-Raman spectrometer with Ar (514 nm wavelength) as excitation source. The incident light was introduced to the sample through a 50X objective as a spot less than 2 μm in diameter with the power no more than 1 mW. Three different spots were measured and overlapped.
Mechanical Property.
The investigation of the thermomechanical behavior was performed by dynamic-mechanical thermal analysis, DMA, using TA RSA3 8500-0001 system. For the measurements, rectangular specimens of 50 mm length, 5 mm width, and 2 mm thickness were prepared. The tests were performed in tensile mode at a frequency of 10 Hz with a static strain of 0.6% and a dynamic strain of 0.1%, in a temperature range between −20 • C and 70
• C with a heating rate of 2
• C/min.
Electrical Conductivity. DC conductivity was measured with a Keithley 6514 Digital Electrostatic
Charge Meter in a four-probe setup at room temperature and reported as an average of three readings (see Table 1 ). The whole measurements were operated under high vacuum conditions in preventing environmental influence. 
Results and Discussion
First, the effects of surface modification on the chemical states and morphology of the MWCNTs were estimated. XPS C1s spectrum of untreated MWCNTs has three chemical states, as shown in Figure 2 . The main peak (1) at 283.8 eV corresponds to the sp 2 carbon atoms of original carbon nanotube, similar to the graphite; (2) 284.7 eV matches with the sp 3 carbon atoms indicates the amorphous carbon layer at the surface of CNTs; (3) 289.0 eV is attributed to the oxygen-carbon from air contamination [17, 18] . This is consistent with the fact that nonpurified nanotube powder also contains amorphous carbon and that defects exist at the surface of the nanotubes [5, 14] . After being modified by mixed acid, the CNT main structure survived the irradiation as the chemical state of sp 2 carbon at 283.9 eV remains the same. In addition, a new peak at 286.4 eV appears and is attributed to oxidation carbon of C=O. After being modified by CF 4 plasma, more new peaks appear with higher binding energy and are attributed to fluorinated species: C-C, C-CF, C-O, C-O-F, and C-F, which indicates that CF 4 plasma can induce grafting of CF x or depositing of a layer of fluorine polymer onto MWCNTs successfully. For a further comparison of different kind of MWCNTs, the SEM is used to observe the morphologies of the carbon nanotube shown in Figure 2 accordingly. The tubes of untreated MWCNTs can be clearly seen, where the amorphous carbon layer is deposited on the surface of CNTs, connecting with each other. No more disordered and amorphous carbon is seen on the surface after mixed acid oxidation. The diameter of the ACNT becomes smaller and the tubes can be more clearly seen. After CF 4 plasma treatment, the tubes of MWCNT expand again and the surface becomes rough. A layer of white substrate coated on the surface of MWCNT powder is observed, suggesting a possible formation of fluoropolymer on the MWCNT surface.
In general, the stability of colloidal particles in solution is important for casting process and is greatly affected by their surface charge density. The electrostatic potential of charged particles dispersed in a liquid medium is governed mainly by surface functionality, especially by its ionization ability to produce a charged surface, and the preferential absorption of ions of one charge sign from the solution [25] . Therefore, the zeta potentials of CNTs, ACNTs, and FCNTs were measured to understand the effects of surface charge on the dispersion. As we all know, the higher the absolute value of the zeta potential, the more opposite ions will occur in the diffusion layer and the more stable the suspension will be, which indicate the better dispersion of particles in the solvent. Meanwhile, the poorest quality dispersions occur when the magnitude of the zeta potential of particles is near zero. The lowest value is for UCNTs (4.62 V), next the ACNTs (−11.9 V), and the FCNTs have the highest value (−20.2 V). Obviously, FCNTs exhibit negative shift of zeta potentials compared to the CNTs and ACNTs. And also the negative shift can be attributed to the negative surface charges of FCNTs in the solution. Although the values were measured in the distilled water, the results indicated that the surface charge density of CNTs was changed by surface modification. CNTs with C-F groups grafted may reduce the agglomeration effectively by the addition of electron-attracted groups. Therefore, the addition of C-F groups can improve the stability and dispersion of CNTs in the medium, comparing with the pristine CNTs and acid-treated CNTs.
Direct observations of the improved dispersion after adding FCNT are shown in Figure 3 eliminate the Van der Waals force of carbon nanotubes due to the exclusive force of F-F bond, finally resulting in the improved dispersion of CNTs in the solvent and in the FE matrix. Noticeably, seen from Figure 3 , the FCNTs are not pulled out from the matrix when samples were prepared for SEM observation, indicating strong interfacial adhesions between FCNT and polymer matrix. The strong interfacial interactions may originate from the better compatibility between fillers and polymer matrix. On the other hand, the hydrogen bonding between FCNT and FE may also contribute to the improved interfacial interaction.
For a further study on the interaction between CNTs and polymer matrix, Raman was used to detect the interaction between CNTs and the FE matrix. From [16] . Evaluating the D/G intensity ratio in this Raman spectra, which is frequently used to assess the degree of crystallinity in carbon samples, we can find that a higher ratio exists in the treated MWCNT compared with that of pristine MWCNTs, indicating more defects in the crystal structure (sp 3 carbons as a result of the formation of carboxyl and hydroxyl groups). Among all kinds of CNT, the FCNT has the highest D/G intensity ratio (0.86), next is the ACNT (0.73), and last is the CNT (0.56). The results indicate that the addition of fluorine to the nanotube sidewalls reduces the intensity of the sp 2 C=C stretching mode and increases the intensity of the sp 3 C-C stretching mode. This change is indicative of covalent modification as it reveals sp 3 hybridization or disorder within the nanotube framework. Thus the increase in the relative intensity of the D-band can be attributed to an increased number of sp 3 -hybridizated carbons in the nanotube framework and can be taken as a crude measure of the degree of modification. After mixing and casting process, some of the fluorine is removed from the nanotubes, as evidenced by the return of the sp 2 peak at 1596 cm −1 seen in Figure 5 . The D/G intensity ratio of FE/FCNT decreased comparing with FE/ACNT and FE/MWCNT composites, which indicates the chemical bonding formed between the FCNT and FE.
The DMA properties were measured for neat FE and nanocomposite films, as shown in Figures 6, 7 , and 8. The storage modulus of FE/CNTs is enhanced on increasing the content of CNTs to 0.1 wt%, while a decrease in modulus is observed on further increasing the UCNTs and ACNTs content to 0.2 wt%. The decrease of storage modulus for the nanocomposites with 0.2 wt% content of UCNTs and 0.2 wt% ACNTs may be due to the agglomeration in the polymer matrix. On the contrary, the storage modulus for FE/ FCNTs shows a gradual increase of the FCNTs loadings. Even when the loadings of FCNTs increased to 0.2 wt%, the modulus has reached up to maximum as a result of homogeneous dispersion of FCNTs and good interaction between FCNTs and the matrix. Thus the energy dissipation from the matrix to carbon nanotubes due to the strong interaction which is from the compatibility and hydrogen bonding as described above can be achieved, resulting in the increase of storage modulus. Figure 9 shows the relationship between the conductivity and the weight fraction of MWCNTs with different surface modification in the composites. It is obvious that the conductivity of the nanocomposites increases rapidly with increasing MWCNT weight percentage. The electrical properties of the composites ranged from dielectric behavior to bulk conductivities of 10 −2 Sm −1 . The increase in σ as a function of the MWCNT mass fraction is usually due to the introduction of conducting CNT paths to the polymer, indicative of percolative behavior. Moreover, it was found that the electrical property was dependent strongly on the surface modification methods of MWCNTs. Apparently, the conductivity is the highest for ACNT comparing with FCNT and CNT at the same weight loading [26] . It is reported that percolation threshold depended on the shape and aspect ratio of fillers. From SEM micrographs (Figure 2 ), we can find that CNTs after being acid treated exhibits smooth surface compared with UCNT and FCNT by removing amorphous carbon effectively, which increases the aspect ratio at a given weight percent as well. Therefore, electrical percolation threshold for FE/ACNT is the lowest compared with that of FE/CNT and FE/FCNT. On the other hand, there maybe exists a deposited fluoro polymer layer on the surface of CNT after being CF 4 plasma treated, which reduces the electrical conductivity of CNT in the composites. But the conductivity is still higher than that of UCNT, which might be attributed to the improved dispersion state of FCNT in the polymer, and thus reduces percolation threshold of the composite system.
Conclusions
Carbon nanotubes modified by CF 4 plasma can reinforce the fluoro elastomer matrix to yield the highest increase in modulus due to better dispersion and enhanced chemical compatibility by introducing electron-rich fluorine atoms. However, for electrical properties, carbon nanotubes modified by mixed acid are predominant in the polymer matrix by removing the amorphous carbon effectively, which results in lower percolation threshold and higher conductivity. This difference in the mechanical and electrical properties would be understood in selecting suitable surface modification.
